Abstract: Using the hamster cheek pouch carcinogenesis model, we explore which fluorescence excitation wavelengths are useful for the detection of neoplasia. 42 hamsters were treated with DMBA to induce carcinogenesis, and 20 control animals were treated only with mineral oil. Fluorescence excitation emission matrices were measured from the cheek pouches of the hamsters weekly. Results showed increased fluorescence near 350-370 nm and 410 nm excitation and decreased fluorescence near 450-470 nm excitation with neoplasia. The optimal diagnostic excitation wavelengths identified using this model -350-370 nm excitation and 400-450 nm excitation -are similar to those identified for detection of human oral cavity neoplasia. 
Introduction:
Many clinical studies have shown that fluorescence spectroscopy offers promise for in vivo detection of epithelial dysplasia [1] [2] [3] , in organ sites such as the oral cavity [4] [5] [6] [7] , the cervix [8, 9] , and the colon [10] [11] [12] . In most of these studies, tissue fluorescence is measured at several excitation wavelengths prior to biopsy and then correlated with histologic diagnosis. It is well known that the choice of excitation and emission wavelength determines which tissue chromophores contribute to the resulting spectrum and strongly affects the shape and intensity of fluorescence spectra [1, 2] . However, a limitation of most previous clinical studies of fluorescence spectroscopy is that the choice of excitation wavelength has not been fully optimized.
Recently, several systems have been developed which enable measurement of fluorescence emission spectra at many excitation wavelengths rapidly in vivo [13] [14] [15] . These spectra can then be assembled into a fluorescence excitation emission matrix (EEM), which fully characterizes the fluorescence properties of a multi-chromophore sample [16] . In this study, we report the use of such a system to measure fluorescence EEMs in vivo from epithelial tissue throughout the dysplasia-carcinoma sequence using a model of chemically driven carcinogenesis in the Syrian hamster cheek pouch; EEMs were analyzed to determine which excitation wavelengths yield optimal diagnostic ability for neoplasia.
The hamster cheek pouch carcinogenesis model, using chronic treatments with the carcinogen dimethylbenz [α] anthracene (DMBA) in the cheek pouch, is well characterized [17, 18] . Histologically, the 16-week treatment protocol pushes the epithelial lining of the cheek pouch through stages of inflammation, hyperplasia, dysplasia, and both benign and malignant tumor formation. Epithelial hyperplasia develops after only a few treatments with DMBA. Dysplastic lesions, resembling human premalignant lesions, are seen after 6-8 weeks of treatment. After about 10 weeks, papillomas and carcinomas begin to appear [17] .
Several in vivo studies have been performed in which carcinoma was initiated with DMBA and then tissue fluorescence spectra were measured [18] [19] [20] . Dhingra [19] measured fluorescence emission spectra in vivo from DMBA induced precancers and early cancers in the hamster cheek pouch. Neoplastic lesions showed characteristic fluorescence between 630-640 nm emission at 410 nm excitation. Using this as a diagnostic criterion, 45 of 49 lesions were correctly diagnosed.
Similar results were obtained in fluorescence measurements of early cancers of the oral cavity in a small clinical trial [20] . Chen [21] investigated 330 nm excited fluorescence emission spectra from DMBA induced lesions in the hamster cheek pouch and noted that the emission intensity at 380 nm decreased in neoplastic tissues while that fluorescence intensity at 460 nm increased and shifted to 470 nm in neoplastic tissues. Similar spectral profiles were observed in human oral malignant and normal tissues [21] . These studies suggest that fluorescence measurements from the hamster cheek pouch model of carcinogenesis can yield insight into the spectroscopic changes that accompany the development of neoplasia in humans.
The goal of the study described in this paper was to characterize the fluorescence emission spectra of non-neoplastic and neoplastic epithelium in this model at a large number of excitation wavelengths and to use these data to determine the fluorescence excitation/emission wavelength combinations which contain the most diagnostic information for the detection of neoplasia. We measured fluorescence EEMs at 18 excitation wavelengths ranging from 330-500 nm and fluorescence emission wavelengths from 340 to 700 nm from 371 sites in 20 control and 42 DMBA treated animals. We applied a method to analyze fluorescence EEMs to determine which excitation and emission wavelengths contain the most diagnostic information and to estimate the expected performance of diagnostic algorithms based on this information [22] . In this study, we found that the combination of full emission spectra from three excitation wavelengths (360 nm, 370 nm and 420 nm excitation) resulted in a sensitivity of 90% and specificity of 95%. These excitation wavelengths compare favorably to those found to be optimal for detection of neoplasia in human subjects [22].
Methods

Animal treatment protocol
This study consisted of 62 Syrian hamsters in two arms; 42 animals were treated with the carcinogen 0.5% DMBA in mineral oil to induce gradual epithelial carcinogenesis, and 20 control animals were treated only with mineral oil. Animals were initially treated three times per week; however, after two weeks, treatments were reduced to twice per week, and the concentration of DMBA was reduced to 0.25% due to significant erosion and exudative reaction in the DMBA group. In each case, the treatment substance was applied to the deepest recess of the right cheek pouch with a No. 5 camel hair brush. On a weekly basis, at least one animal from each arm was sacrificed and the cheek pouch was surgically removed (C) 
DMBA fluorescence
Experiments were performed to determine whether the fluorescence from DMBA affects in vivo fluorescence measurements of the hamster cheek pouch; results showed that no residual DMBA fluorescence could be detected in the fluorescence spectra measured from tissue at 48 hours following DMBA application [23] . The DMBA treatment days were scheduled to ensure that the fluorescence measurements always took place at least 48 hours after the DMBA treatment.
Hamster fluorescence measurements
The fluorescence of the control and DMBA treated hamster cheek pouches was measured weekly. The spectroscopic system used to measure fluorescence excitation-emission matrices (FastEEM) has been described in detail previously [13] . Briefly, the system measures fluorescence emission spectra at 18 excitation wavelengths, ranging from 330 nm to 500 nm in 10 nm increments with a spectral resolution of 7 nm. The system incorporates a fiberoptic probe, a Xenon arc lamp coupled to a monochromator to provide excitation light and a polychromator and thermo-electrically cooled CCD camera to record fluorescence intensity as a function of emission wavelength ( Figure 1 ). Fluorescence excitation power at 400 nm was approximately 90 µW distributed over a spot of 2 mm diameter. Each week, fluorescence spectra were measured from a pre-selected group of animals. Approximately 10 minutes prior to measurements, animals were anesthetized with 50 mg/kg ketamine HCl (Fort Dodge, Overland Park, KS 66210) delivered intraperitoneally. At time of measurement the hamsters ranged in weight from 100 to 160 grams. The hamster cheek pouch was manually everted with a gloved index finger of the handler to expose the deepest recess of the pouch. The hamster was placed in a lateral recumbent position within the handler's gloved hand. Before fluorescence spectra were measured, the pouch was rinsed with saline solution. The fluorescence measurement process took approximately 2-3 minutes. To correct for the non-uniform spectral response of the detection system, the spectra of two calibrated sources were measured at the beginning of the study; in the visible an NIST traceable calibrated tungsten ribbon filament lamp was used and in the UV a deuterium lamp was used (550C and 45D, Optronic Laboratories Inc, Orlando, FL). Correction factors were derived from these spectra. Dark current subtracted EEMs from animals were then corrected for the non-uniform spectral response of the detection system. Variations in the intensity of the fluorescence excitation light source were corrected using a calibrated photodiode (818-UV, Newport Research Corp.). Finally, corrected fluorescence intensities from each site were divided by the fluorescence emission intensity of the Rhodamine standard at 460 nm excitation, 580 nm emission. Thus, data illustrated in this paper are not the absolute fluorescence intensities of tissue but rather given in calibrated intensity units relative to the Rhodamine standard. This calibration method corrects for day to day variations in instrument throughput. Following each day of measurements, the probe was disinfected using Metricide (Metrex Research Corp.). Measurements were made from the control group first, to prevent transmission of residual DMBA to these animals.
Histological evaluation
Excised hamster cheek pouches and biopsy samples were fixed with formalin, sectioned and stained with hematoxylin and eosin for histological evaluation. Slides were reviewed by two investigators (L.C., I.G.-C.), blinded to the spectroscopic results. Samples were classified into 9 categories based on the most severe histopathologic finding: normal, inflammation, ulceration, hyperplasia, dysplasia (grades I-III), carcinoma in situ (CIS), and squamous cell carcinoma (SCC). Table 1 contains the final histopathologic diagnoses. 74 total sites were reviewed histopathologically; diagnoses were concordant in 66 sites and discordant in 8. Data from the 8 sites with discordant diagnoses were discarded. These samples are noted in Table  1 . 
Data Review
EEMs were measured from 371 total sites. All spectra were reviewed by a single investigator blinded to the pathologic results (DLH). Spectra were discarded if EEM files were not saved properly due to software error, instrument error, operator error, probe movement, and the presence of room light artifacts at wavelengths in at least one of the emission spectra. Spectra from a total of 44 sites were discarded in this process.
Data analysis
EEMs were examined visually by 6 investigators (U.U., R.D, D.L.H, A.Z., C.B, R.R.K.) to note differences in data from non-neoplastic and neoplastic samples. Figure 2 shows a typical example of an EEM from a non-neoplastic and a high grade neoplastic area. An advantage of this animal model is that it allows one to monitor the spectroscopic changes which take place throughout the dysplasia to cancer sequence; Figure 3 shows a video which illustrates fluorescence EEMs from a single hamster throughout the 17 week DMBA treatment regime. Each EEM was normalized to unity at 390 nm excitation, 460 nm emission. This hamster was biopsied at week 10 and sacrificed at week 17. At baseline, the hamster cheek pouch was normal, at week 10 the biopsy showed grade II dysplasia and at week 17, the histology showed a squamous cell carcinoma. Fluorescence data in the data set were analyzed to determine which excitation and emission wavelengths contained the most diagnostically useful information and to estimate the performance of diagnostic algorithms based on this information [22] . We considered algorithms based on multi-variate discriminant analysis. We developed algorithms based on combinations of emission spectra at various excitation wavelengths in order to determine which excitation wavelengths contained the most diagnostic information. The algorithm development process, consisted of the following major steps: (1) data pre-processing to reduce inter-animal variations, (2) data reduction using principal component analysis to reduce the dimensionality of the data set, and (3) feature selection and classification to develop algorithms which maximized diagnostic performance and minimized the likelihood of over-training. For the purpose of the algorithm development and evaluation, the data were classified into one of two classes: non-neoplastic (normal, inflammation, ulceration, hyperplasia) and neoplastic (all grades of dysplasia, CIS and SCC). If histopathology indicated a site was non-neoplastic, then all measurements preceding that date were assumed to be non-neoplastic. If histopathology indicated a site was neoplastic, then all measurements after that date were assumed to have neoplasia. Our previous work illustrates that spectra of oral cavity in humans obtained in vivo show large patient to patient variations in intensity that can be greater than the inter-category differences [22] . Therefore, we explored pre-processing methods to reduce the inter-animal variations, while preserving inter-category differences; here, we normalized in two fashions. In the first method, all emission spectra in a concatenated vector were normalized by the largest emission intensity contained within that vector. In the second method, all emission spectra were normalized to their individual intensity maximum.
In this study, fluorescence emission spectra were measured at 18 different excitation wavelengths. One goal of the data analysis was to determine which combination of excitation wavelengths contained the most diagnostic information. Combinations of emission spectra from up to three excitation wavelengths were considered. Limiting the device to three wavelengths allows for construction of a reasonably cost-effective clinical spectroscopy system. Here, we evaluated the diagnostic performance of all possible selections of up to three wavelengths chosen from the 18 possible excitation wavelengths. For each of the 987 combinations of one to three excitation wavelengths, spectra from the entire data set were used to develop multi-variate algorithms to separate non-neoplastic and neoplastic tissues based on their fluorescence emission spectra at all possible wavelength combinations. Principal component analysis was performed using the entire dataset and eigenvectors accounting for 65% and 95% of the total variance were retained. Principal component scores associated with these eigenvectors were calculated for each sample. Discriminant functions were then formed to classify each sample as non-neoplastic or neoplastic. The classification was based on the Mahalanobis distance, which is a multivariate measure of the separation of a point from the mean of a dataset in n-dimensional space [24] . The sample was classified to the group from which it has the shortest Mahalanobis distance. The sensitivity and specificity of the algorithm were then evaluated relative to diagnoses based on histopathology. Overall diagnostic performance was evaluated as the sum of the sensitivity and the specificity, thus minimizing the number of misclassifications (when prevalence of disease and non-disease are approximately equal). The performance of the diagnostic algorithm depended on the principal component scores that were included. From the available pool of principle component scores, the single principal component score yielding the best initial performance was identified, and then the principal component score that most improved this performance was selected. This process was repeated until performance was no longer improved by the addition of principal components scores, or all available scores were selected. Then, for the top 25 choices, we redeveloped and evaluated algorithm performance using cross-validation and re-ranked performance to guard against over-training. Table 2 provides the best performing combinations of one to three excitation wavelengths. For the top performing combinations of three excitation wavelengths, histograms depicting the frequency of occurrence of each excitation wavelength were plotted (Figure 4) . 
Results
EEMs were measured from 371 total sites. Data from 132 non-neoplastic sites and 31 neoplastic sites were available for algorithm development and evaluation (Table 1 ). Figure 2 shows a typical EEM of a non-neoplastic site and a site with high grade neoplasia. The EEM of the neoplastic site shows increased fluorescence near 360-370 nm excitation and 450 nm emission. This spectral region corresponds to emission from NADH and collagen cross-links. The EEM of the neoplastic site also shows decreased fluorescence near 460-470 nm excitation and 530 nm emission. This spectral region corresponds to FAD fluorescence as well as collagen cross-links. The EEM of the neoplastic sample shows increased fluorescence at 410 nm excitation, 630 nm emission, corresponding to porphyrin emission. Additionally, the EEM of the neoplastic site shows deeper valleys near 420 nm excitation and emission, corresponding to hemoglobin absorption. Figure 3 shows a video of fluorescence EEMs from each week for a hamster treated with DMBA. The aforementioned spectral changes are seen in sequential fashion in this video, with fluorescence increasing near 360 nm and 410 nm excitation, decreasing near 460 nm excitation and absorption increasing at 420 nm. This animal was biopsied at week 10, and showed grade II dysplasia. Histology at week 17 showed squamous cell carcinoma. Table 2 shows the algorithm results for top performing combinations of 1, 2 and 3 excitation wavelengths using cross validation. Sensitivities and specificities achieved are close to and exceed 90%. The two normalization methods used produced similar results. When eigenvectors accounting for either 65% or 95% of the total variance in the data were used, similar sensitivities and specificities were achieved, indicating that the good algorithm performance is not based on random fluctuations due to noise in the data. As the number of excitation wavelengths was increased from one to three, both sensitivity and specificity increased slightly. Figure 4 show histograms depicting the frequency of occurrence of each excitation wavelength in the 25 top performing combinations of 3 excitation wavelengths under crossvalidation. Using both normalization methods, excitation wavelengths near 350-370 nm contain the most diagnostically useful information. Using normalization method 1 (Figure  4a ), excitation wavelengths from 400-440 nm also appear to be diagnostically useful; whereas for normalization methods 2 ( Figure 4b ) 410 and 450 nm excitation appear to be diagnostically useful. These excitation wavelength ranges correspond well to those in Table  2 .
Discussion and Conclusions:
The hamster cheek pouch carcinogenesis model, using chronic treatments of DMBA, provides a well controlled system in which to investigate the changes in fluorescence which occur in squamous epithelial tissue throughout carcinogenesis. This model has broad applications to human cancers including, but not limited to, the oral cavity, the lung and esophagus, the uterine cervix, vagina, vulva and skin. Thus, this animal model can be used to investigate many emerging optical technologies for detection of neoplasia and dysplasia. In this paper, we examined the changes in autofluorescence throughout carcinogenesis. Results showed increased fluorescence near 350-370 nm excitation and decreased fluorescence near 450-470 nm excitation with neoplasia. These changes are consistent with the expected increase in NADH fluorescence and decrease in FAD fluorescence with neoplasia [25] . Furthermore, results show increased porphyrin fluorescence and increased hemoglobin absorption throughout the development of squamous cell carcinoma. An important advantage of this animal model relative to studies in human subjects is that one can ethically observe these spectroscopic changes as dysplasias progress to invasive cancers.
Using this model system, algorithms for detection of dysplasia and neoplasia using one to three excitation wavelengths yield both high sensitivity and specificity. With three excitation wavelengths sensitivity and specificity exceed 90% -results which would be acceptable clinically and superior to many commonly used screening and diagnostic techniques. The optimal diagnostic excitation wavelengths identified using this model -350-370 nm excitation and 400-450 nm excitation -are quite similar to those identified in a similar study [22] involving oral cavity neoplasia in human subjects -350, 380 and 400 nm excitation. Thus, in the case of fluorescence spectroscopy, results from this animal model can guide the development of techniques to detect dysplasia in humans. This model should be explored further in the development of new optical diagnostic technologies.
